Abstract: This paper describes the experimental study on shock response of FDB (fluid dynamic bearing) spindle for HDDs (hard disk drives). The FDBs are widely used as rotating shaft support elements for HDD spindle motors. Recently, the opportunity for the HDD spindle motors exposed to external vibration has been increasing because the HDDs are used for various information related equipment such as mobile PCs (personal computers), video cameras, car navigation systems and so on. Hence, the rotating shaft has a possibility to come in contact with the bearing by external shocks and it causes wear or seizure to the bearing surface. To avoid the problem, it is extremely important to know how the spindle moves against the large shock on HDDs experimentally. However, as far as the authors know, there are few experimental studies treating the shock response of HDD spindles. In this paper, firstly, we propose a new test rig and experimental method for shock response of FDB spindles. Then the shock tests against the radial and axial disturbance on FDB spindle for 2.5" HDD are conducted. Finally, the experimental results of shock response waveforms and maximum displacement of disk are shown.
Introduction


The oil film bearings are widely used as rotating shaft support elements for HDDs (hard disk drives) spindle motors. Recently, the opportunity for the HDD spindle motors exposed to external vibration has been increasing because the HDDs are used for various information related equipment such as mobile PCs (personal computers), video cameras, car navigation systems and so on. Hence, the rotating shaft has a possibility to come in contact with the bearing by the external shocks and it causes wear or seizure to the bearing surface. In order to avoid the problems, it is extremely important to know how the spindle moves against the large shock on HDDs experimentally.
Under the background, much research about the dynamic characteristics of HDD spindles has been studied [1] [2] [3] [4] [5] . However, as far as the authors know, there are few experimental studies treating the response against the shocks. The reason why there is few experimental research concerning about the shock response is difficulty of measurement. Because, the falling type tests, which generally used, have high possibility to break sensors. Consequently, usual experimental research regarding the shocks has been studied whether the HDDs subjected to external shocks break or not.
On the other hand, Ku et al. [6] measured the shock response of HDD spindle against the radial shocks by using the shaker. However, in this study, only one degree response in the radial shock direction was measured and the conical mode vibration of the spindle was not measured. If the conical mode vibrations occur in HDD spindle operation, there is high possibility to come in contact with bearing DAVID PUBLISHING D surface which causes wear or seizure of bearings. Therefore, it is very important to measure the conical mode responses when we evaluate the durability or reliability of HDD spindles.
At the same time, Tohma et al. [7] and Wu et al. [8] measured the conical mode vibrations. However, they investigated the frequency characteristics of spindle motor. Consequently, they only gave the small shocks to the spindles and they did not study about the possibility of contact and the durability of spindles.
The paper is organized as follows: Section 2 presents a new experimental equipment; Section 3 presents a new test method; Section 4 shows the test results of the shock response of HDD spindles specifically and discussion; and Section 5 gives the conclusions. Fig. 1 shows the schematic diagram of the typical spindle motor for 2.5" HDDs. The rotor part of the spindle which consists of a disk, a hub and a shaft is supported by upper and lower journal bearings and thrust bearings. In the actual HDD spindle design, it is difficult to put in the same position of the center of gravity of the rotor and the moment center of the journal bearings because of the limitation of the HDD structure. Consequently, the vibration mode of spindle becomes not only parallel mode but also conical mode when the radial shocks act on the spindle and we should study the effects of both vibration mode experimentally. Fig. 2 shows the geometry of journal and thrust bearings and Table 1 shows the specifications of fluid bearing spindle using in this experiment. 
Test Spindle Motor and Test Rig
Test Spindle Motor
Test Rig for Shock Responses
Generally, falling type test rigs are used for HDD shock tests [9] , however using these types of test rigs there are high possibility to break the test instruments for example the displacement sensors for measuring the spindle response. Hence, we propose another type of shock test rig as shown in Fig. 3 . The test rig consists of the spindle motor, a motor fixing jig, eddy-current proximity proves, an acceleration pickup, four poles, a surface plate and a pendulum. Using the pendulum mechanism, we can give the shocks to the test spindles with reducing the risk of breaking the sensors. Furthermore, we provide the sliding mechanism using the oval halls as shown in Fig. 3b for giving the half-sine shocks to the test spindle. At the top of the pendulum, there is an interchangeable chip made of hard rubber. Changing the chip material allows us to adjust the shock duration. confirmed that half-sin waveforms obtained
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Oil viscosity (30 °C) and the shock durations can be controlled within the value of the maximum acceleration of 20 G. Fig. 5 shows the test rig for the axial shock response. In this experimental study, we can measure the axial shock response by changing the combination of the test rig parts. The shock forces are given from bottom of the motor fixing jig. Fig. 6 shows the geometry of test disk. Four directional displacements of disk supported by oil film bearings are measured using the eddy-current type sensors. The axial displacements of Z x and Z y are measured at the position of A and B on the disk surface and the radial displacements of x  and y  are measured at the position of A' and B' on the disk end face as shown in Fig. 6 . Consequently, we can measure the conical mode vibration of spindle with parallel mode vibration from these displacement data when the radial shocks are given. Table 2 shows the specifications of the disk. Lissajous waveforms for each positions of the shaft, as shown in Fig. 6 , are calculated by the formula as follows.
Measurement Method
where,
On the other hand, the axial responses were measured by using the two sensors at the positions of axial displacement of Z x and Z y , each of which is basically same value because the axial response becomes parallel mode vibration.
The measurement conditions of rotational speed were 4,200, 5,400 and 7,200 rpm, the acceleration of shocks were 5 G to 20 G every 5 G, and shock durations were 3.0 ms. In addition, the measured displacement waveforms with the eddy current sensors contain the vibration component of RRO (repeatable run out). Hence, in this study we subtract the RRO components, which measured preliminary experiment, from measured displacement waveforms. We can obtain the displacement waveforms of shock response after that data processing. 
Experimental Results and Discussion
Radial Shock Response
Figs. 7a and 7b show the experimental results of the radial displacement waveforms of x and y against the time under the condition of radial shock acceleration of 20 G. In Fig. 7 , the solid lines indicate the rotational speed of 4,200 rpm and the single dotted lines and broken lines indicate 5,400 rpm and 7,200 rpm, respectively.
As shown in Fig. 7a , the displacements x  firstly rise up after the radial shocks and then converged rapidly caused by damping effect of bearings oil film.
On the other hand, as shown in Fig. 7b , the displacements y also rise up in spite of perpendicular to shock direction and then converged. It is due to coupled effect of oil film bearing. In addition, it is found that the value of the maximum displacements of y are about half of maximum ones of x.
Figs. 8a and 8b show the experimental results of the axial displacement wave forms of Z x , and Z y with time under the conditions of radial shock acceleration of 20 G. In this radial shock tests, the axial response waveforms mean the displacement caused by conical mode vibrations.
From the results of the axial displacement Z x , as shown in Fig. 8a , the disk inclines caused by radial shock and the response damps rapidly. In addition, as shown in Fig. 8b , the displacement of Z y also appeared caused by radial shock.
Here focusing on the influence of the rotational speeds, the displacement of Z x decreases with increasing the rotational speed. It is due to the increase of bearing stiffness of journal bearings. On the other hand, the displacement of Z y decreases significantly with increasing of the rotational speed. The discrepancy can be explained by gyro effect and coupling effect of oil film stiffness. Because the gyro moment and the coupling component of the oil film stiffness increases with increasing the rotational speed. Fig. 9 shows the lissajous waveforms at the position of (a) upper end of the bearing sleeve, (b) center of gravity of rotor and (c) the lower end of the bearing sleeve. In addition, the experiments are conducted under conditions of the radial shock acceleration of 10 G to 20 G, the shock duration of 3ms. In Fig. 9 , solid lines, single dotted lines and broken lines indicate the As shown in Figs. 9a and 9b, in the positions of upper end and the center of gravity, the shaft moves firstly approximately to the direction of 30 degree against the horizontal line over the whole accelerations and rotational speeds. The shaft center comes buck to bearing center within arched shape after the maximum values of displacement. After that, the vibrations are converged rapidly. This is due to the short delay of displacement of y direction which is perpendicular to shock direction. Because the displacements of y occurs caused by coupling effect of bearing stiffness.
It is found that the largest displacements are obtained at the upper end of the bearing sleeve in whole three positions. On the other hand, the displacements at the lower end position almost remain the central position. From these results, the shaft vibrates in conical mode within the pivot of near the lower end of bearing sleeve. Therefore, it is considered that there is high possibility to come in contact with the bearing surface and shaft at the upper end of the bearing sleeve.
In addition, it is found that the trajectories of each rotational speeds under 20 G are little different from other acceleration trajectories. This is due to gyroscopic effect. Because the gyroscopic moment increase caused by increasing of inclination of shaft reads to trajectory difference. Especially, the effect at the high speed 7,200 rpm becomes remarkable.
From the results shown in Fig. 9 , it is confirmed that there is no contact of shaft and bearing surfaces under this experimental conditions. Fig. 10 shows the response displacement waveform against the axial shock under the axial acceleration of 20 G, the shock duration of 3 ms. It is found that the maximum value of the axial displacement decreases with an increase of rotational speed, because the bearing stiffness of the thrust bearing increases with increasing of rotational speed. There is no contact of the bearing surfaces, because the flying height of the thrust bearing is approximately 6 μm. Fig. 11 shows the maximum displacement with axial shock acceleration. The maximum displacements increase almost linearly with increasing the axial shock acceleration. The maximum displacement decreases with an increase of rotational speed in whole acceleration conditions, because of increase of thrust bearing dynamic stiffness with increasing of rotational speed. In Fig. 11 , it can be found that there is no contact of the bearing surfaces under these conditions.
Axial Shock Response
Fig. 10
Response displacement waveforms (axial acceleration 20 G, shock duration 3 ms).
Fig. 11
Maximum displacement against axial shock responses (shock duration 3 ms). 
Conclusions
In this paper, we described the vibration characteristics of small size HDD spindle against the radial and axial shocks. Main conclusions are shown as follows.
We proposed a new test rig using the pendulum construction and it was confirmed that we can give the half sinusoidal shocks to the test spindle by using the test rig.
From the results of the lissajous waveforms, it is found that the shaft works with the conical mode in which the pivot is near the lower end of the bearing sleeve.
The amplitudes of both radial and axial shock responses decrease with increasing the rotational speed.
It was found that there are no contact of the journal and the thrust bearings for 2.5 inch HDD spindle against the radial and the axial shocks under conditions of the shock acceleration of 20 G and the shock durations 3.0 ms.
